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We have studied ion and electron irradiation of self-assembled monolayers (SAMs)' ah2i(y/I-biphenyl-
4yl)-ethanethiol (BP2, Ckt+CgH4CeH4CH,CH,—SH), phenyl mercaptan (PEM,s8sCH,CH,—SH), and
4'-methyl-biphenyl-4-thiol (BP0, Ck-CsH4CsHs—SH) deposited on Au(111) substrates. Desorption of neutral
particles from PEM/Au and BP2/Au was investigated using laser ionization in combination with mass
spectrometry. The ion-induced damage of both BP2 and PEM SAMs is very efficient and interaction with a
single ion leads to the modification of tens of molecules. This feature is the result of a desorption process
caused by a chemical reaction initiated by an ion impact. Both for ions and electrons, experiments indicate
that the possibility for scission of the AtS bond strongly depends on the chemical nature of the SAM
system. We attribute the possible origin of this effect to the orientation of theSAWC angle or adsorption

sites of molecules. The analysis of electron-irradiated PEM/Au and BP2/Au, using ion-initiated laser probing,
enabled measurements of the cross section for the electron-induced damage of the intact molecule or specific
fragment. Analysis of electron-irradiated BPO/Au by using time-of-flight secondary ion mass spectrometry
(TOF—SIMS) providedirect evidence for the quasi-polymerization process induced by electron irradiation.

I. Introduction been demonstrated with electrofiglions?? and photong2 In
electron lithography, sub-10 nm resolution was achie¥ed.

Self-assembled monolayers (SAMs) are organic molecular Furth Glah L d d the fabricati f
assemblies that spontaneously form dense and ordered mono! Urthermore, Glzhauser et al. demonstrated the fabrication o

layers on appropriate substrateEhese monolayers have been gold nanostructures by electron beam patterning and subsequent

successfully deposited on metals such as gold, silver, copper,Wet etching of a gold substrate covered by SAMs based on

platinum, and chromiuATS and on oxide and semiconductor thiols24 These experiments showed that alkane and aromatic

surfaces such as Sicand GaAs:7 Depending upon the thiqls can be a.pplied as positive gnql_negativg electron_beam
molecular design, SAMs provide a way to tailor surface resists, respectively. Howeyer, a'5|gn|f|cantly .h|gh.er quality of
properties such as wettiridriction,® and corrosiortd The high the pattern transf_er was achieved in the_ aromatic th|ols._RecentIy,
attraction of SAMs is also driven by the simple preparation electron beam _I|thography_ of aromatic th|_ols was _ut|I|;ed to
procedure, the reproducible film quality, and stability of a produce a spatially selec’Flve electrqghemlcal passivation and
monolayer. Therefore, SAMs are presently very interesting for thus allowed electrophermcal deposition of q copper pa@térr?.
scientists in such diverse disciplines as physics, chemistry, and For electron and ion lithography, further improvements in
biology! So far, most of the fundamental studies have been the resist prc_)pertles of SAMs_, such as contrast, sens_ltlwty, and
performed with alkane thiolsMore recently, aromatic thiols, ~ defect density, depend crucially on the understanding of the
that is, thiol-based SAMs including an aromatic moiety, are of €am damage mechanisms. Up to now, these mechanisms have
interest because of their potential applications in molecular Pe€en obtained by analysis of the compositional or structural
electronicgil—19 changes in pristine SAMafter irradiation?6-3% There are only
With respect to these applications, the response of these@ féw measurements that focus on the investigation of the
monolayers to electron and ion irradiation, key device processing fragments emitted from these systethsing irradiation. This
tools, is largely lacking. Because of the small dimensions tyPe of study provides information concerning fort® and
associated with these molecular systems, such as an intermo€lectro®~**induced desorption mechanisms from SAM films.
lecular distance of less than 1 nm and a typical thickness of ~Previously, we investigated ion-stimulated desorption of
about 2 nm, the potentially attainable resolution in electron and neutral molecules emitted from 8 keV Arion-bombarded
ion lithography of SAMs is very high. This property has already SAMs of 2-(4-methyl-biphenyl-4yl)-ethanethiol (BP2, GH
CsH4CeH4CH,CH,—SH)?® and phenylethyl mercaptan (PEM,

:Coryequnding author e-mail: cyganik@pc.ruhr-uni-bochum.de. CsHsCH,CH,—SH) 26:37 The results obtained in these measure-
Jagiellonian University. ments showed that most of the neutral molecules are emitted
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Figure 1. Schematic drawing of the molecules BP2, PEM, and BPO
used in this study.

process? In the first step, the impact of the projectile initiates

both chemical and physical processes (e.g., reactions and th
generation of secondary electrons) that gently fragment surface
bound molecules. The created fragments remain physisorbe
on the surface until they evaporate. The emission of the

molecular fragments was dependent on the surface tempera;

ture®®37and on the mass of the emitted fragm&@nly a small
fraction of the molecules is emitted with hyperthermal kinetic
energies (about-23 eV). In this case, emission was attributed

to the direct collisions between a projectile and ejected substrate!

particles.
Recently, we demonstrated that sensitive laser probing o

desorbed species can be exploited to study in situ the processe

that occur during interaction of organic SAMs with low-energy
electrons!! These experiments provide direct evidence that

energetic electrons can induce desorption of large, fragile neutral

molecular fragments. In this paper, both ion and electron
desorption experiments for BP2/Au(111) and PEM/Au(111)

systems are compared. The BP2 and PEM molecules selecte

for this study are similar in chemical composition but form films
of different structure. Hence, it is possible to determine how

the arrangement of the molecules in the monolayer influences
the desorption process. Another aspect of this study is the in-
situ evaluation of the damage as a function of accumulated

fluence. In electron irradiation, the cross section for modification
of the intact molecule and certain molecular fragments is
presented. Finally, to understand the general character o
structure modification in aromatic SAMs induced by electron
irradiation, an ex-situ TOFSIMS analysis of model aromatic
systems of 4methyl-biphenyl-4-thiol (BP0, Ckt-CeH4CsHs—

SH) is performed. These results directly reveal a modification

Cyganik et al.

hPa) in which an ion and an electron gun were used to direct
energetic projectiles at 45ncidence onto a centrally located
sample. The plume of desorbed particles was intersected (parallel
to the sample surface at a distance of 4 mm) by a focused laser
beam from a pulsed (10 Hz repetition frequency) Nd:YAG
pumped optical parametric oscillator delivering 6 ns pulses (3
mJ/pulse). Desorbed organic fragments were ionized using laser
radiation at 259 nm with a fluence of 73 107 photons/cr

At this wavelength, a large photoion yield was observed,
attributed to the resonance-enhanced two-photon ionization as

as reported for benzene molecutesThe photoions were

Subsequently detected by a time-of-flight (TOF) mass spec-
dtrometer with a mass resolutiom/Am of about 800 in the

reflectron mode in the range o’z below 200. For weak signals,

a linear mode spectrometer was usedAm = 200 atnvVz in

the range of 200). All measurements were made under static

conditions with the total ion fluence kept below!i@ns/cnt.
Electron Irradiation Experiments. The experiments were

performed in the same experimental system as the ion irradiation

experiments. Electron-induced damage was investigated by using

fa 150 eV electron beam. During the irradiation sessions, the

lectron beam was scanned with TV frequency over an area of

.5 x 1.5 cn?. The electron flux during the irradiation
experiments was 3x 10'% electrons/cra s (0.48 uAlcm?).
Desorption mass spectra were obtained in the linear mode of
the mass spectrometer with the energy of the electron beam
being 1 keV. Although initially the intention was to keep the
é(inetic energies of the electrons as low as possible, they were
not a central issue at this point and their values are dictated by
technical considerations. At low energies, the focusing capacity
of the electron gun deteriorates and thus with a constant
acceptance angle to the mass spectrometer and (most likely) a
lower yield, much smaller signals were obtained when desorbing
with 150 eV compared to 1 keV. The electron flux in this case
was 4 x 10% electrons/crh s (0.64 uAlcm?) and the total

felectron fluence delivered during the entire measurement (50

s) was about 3zC/cn? (2 x 10* electrons/crd).

SIMS Analysis of Electron-Irradiated Samples.Secondary
ion mass spectra were obtained in a dedicated-T8IMS mass
spectrometer operated at a base pressure bebevi@ 1° hPa.

mechanism which makes aromatic SAMs useful as a positive 1S System is described in detail elsewh€rdriefly, ion-

electron beam resist and which has up to now been assume

by others from indirect observations.

Il. Experimental Section

Sample Preparation.2-(4-Methyl-biphenyl-4yl)-ethanethiol
(BP2) CH—CgH4CeH4CH,CH,—SH, phenylethyl mercaptan
(PEM) GHsCH,CH,—SH, and 4methyl-biphenyl-4-thiol (BPO)
CH3—CgH4CsHs—SH monolayers were prepared by (24 h)
immersion of 200-nm-thick polycrystalline gold films evapo-
rated on freshly cleaved mica substratés ethanolic 1 mM
thiol solutions (see Figure 1 for schematic drawing of mol-
ecules). PEM was obtained from Aldrich. BP2 and BPO
molecules were synthesized at the University of Heidelberg by
a procedure described elsewhé&teAfter removal from the
solution, all samples were rinsed with ethanol and dried in a
nitrogen stream.

lon Irradiation Experiments. Five hundred nanosecond
pulses of 15 keV At ions focused onto a 3-mm spot on the

Ftimulated desorption was initiated by 25 keV, 35-ns pulses of
a Ga ion beam at a repetition rate of 3 kHz. During the
measurements, the ion beam (with an ion current of 2 nA for a
continuous beam) scanned an area of %0600 um and the
mass spectra were recorded with mass resolut/dam of about
1000 and 1700 fomvz in the range of 200 and 600, respectively.
All TOF—SIMS measurements were performed under static
conditions where the total ion fluence was kept below idhs/

cn?. The electron irradiation of the samples was performed ex
situ using the same system as for other electron experiments.

Ill. Results

Photoionization Experiments for Gas-Phase BP2 and
PEM. Photoionization of molecules by irradiation of ns-laser
light is a powerful tool to bring neutral particles into a charged,
that is, detectable state. As the ionization energies of many
molecules are about 5 eV or more, most often two or more
photons need to be absorbed before the molecule can be excited

sample were used to stimulate desorption of molecules andinto the ionization continuum. By operating a tunable laser
molecular fragments. Desorbed neutral molecules were detectedsystem at a wavelength matching the energy difference needed
by a laser-ionization mass spectrometer. The experimental setugor an electronic transition, the overall efficiency of the

is described in detail elsewheten short, the apparatus consists
of an ultrahigh vacuum chamber (base pressure belawl @10

ionization scheme can be dramatically enhanced. However,
complex molecules are also prone to photodissociation before
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photofragmentation of the complete molecule. For the gas-phase

[ 228
a a) 181 ©) PEM molecules (Figure 3a), it is also possible to detect the intact
~f 165 " molecule Wz = 138, GHsCH,CH,—SH). In this case, photo-
3 3 | ‘ | S fragmentation predominantly leads to the formation of fragments
g TR NV WOV, RORSPSIO L S J atnmvz = 91. The intensity of other fragments wittvz values
2 g [, of 78 and 104 is much lower. These measurements clearly show
E ! b) 181 Y167 that the employed laser ionization system is capable of detecting
L 25 T 181 . complete molecules for both SAMs. Although the same
gl 194 195 wavelength of the post-ionization laser system was employed
+ O g wbw'mw,.\.l-wu. 997 § in earlier studies, complete molecules for both BRihd PEM’
e | could not be detected. We attribute this difference to the higher
80 100 120 140 160 180 200 220 240 photon density used in the previous studies.
miz lon-Stimulated Desorption of BP2 and PEM. For these

Figure 2. Mass spectra of neutral molecules obtained upon photoion- experiments, the preparation procedure of BP2 and PEM
ization of (a) BP2 molecules in the gas-p_hase above Au substrate a”dsamples described in section 2 was followed, and special care
(b) molecules desorbed from BP2/Au during bombardment by 15 keV was taken to remove all physisorbed remnants before the data

Art ions. A schematic drawing of the BP2 molecule on Au substrate - e . . e
with an indication of the masses of the fragments resulting from acquisition. As a result, within the instrumental detection limit

breaking selected €C bonds is shown in panel c. no gas-phase species could be detected for either monolayer
before ion irradiation.
- a) 5 138 c) The mass spectrum recorded during ion irradiation of a BP2
F monolayer with 15 keV At is shown in Figure 2b. As for the
L L;s L i gas-phase spectrum, the emission of the intact molecule is
= E . il i observed’ However, in addition to the peaks observed in the
St - : |J gas-phase experiment (Figure 2a), molecular fragments, with
-E - b) - ""I"_-r,r nm/z-values centered around 78 and 194, are also present.
R 91 A different behavior is observed for the PEM system (Figure
E 77 91 105 3b). In contrast to data obtained upon irradiation of BP2 (Figure
L \n l 137 8 2b), the parent molecule is not present in the mass spectrum
ol b A sttt yz,ﬁ,,—\ obtained during ion irradiation of the PEM monolayer, although
80 90 100

110 120 130 140 150 as it was shown in the previous section, the laser system is
miz capable of detecting the molecule in the gas phase. Conse-
Figure 3. Mass spectra of neutral molecules obtained upon photoion- quently, the intact molecule is not ejected from ari Aradiated
ization of (a) PEM molecules in the gas-phase above Au substrate andPEM/Au monolayer. In addition, the relative intensities of the
(b)+rr_lolecules desorbed from PEM/Au during bombardment by 15 keV fragments neam/z = 78 and 104 are significantly higher than
o o o e e o i P esing_ o (e Mensy of the fragment defected atz = 91. This
breaking selected €C bonds is shown in panel c. obseryatlon is opposite to that obtained in the gas-phase
experiment. The low intensity of fragmentsratz = 78 and

the complete molecule can be photoionized. The resulting 104 for PEM and lack of fragments a¥z = 78 and 194 for
fragmentation patterns can be very complex and critically BP2 in the respeghve gas-phase spectra could indicate that 'these
depend on the wavelength and intensity of the laser light. Prior fragments are directly emitted from the monolayer after ion
to experiments on particle-irradiated SAMs, we investigated the impact. During sputtering, the molecule can gain internal energy,
photoionization behavior of BP2 and PEM molecules in the gas SO that its photofragmentation behavior may not be the same
phase. At room temperature, PEM is in the liquid state and can as for a gas-phase molecule examined at room temperature. A
be easily brought into the gas phase at sufficiently high vapor comparison of the ion-induced spectra with gas-phase spectra
pressures in the vacuum chamber (typ-%@®Pa). On the cannot strictly rule out that the fragments emitted from PEM
contrary, BP2 is solid at room temperature and has to be and BP2 monolayers at/’z= 78, 104, and 194 are an effect of
solvated. To detect gas-phase BP2 molecules, a SAM waspPhotofragmentation of an excited parent molecule. However,
inserted in the apparatus without undergoing a thorough rinsing- the data presented in the next section show that the cross sections
and-drying procedure. Such a sample contains both chemisorbedor electron-induced damage obtained for these fragments
molecules forming the SAM and molecules loosely entangled depend on the fragment mass. Since these cross sections are
in the monolayer. These physisorbed molecules evaporate aftefmeasured as changes in the mass spectra obtained by ion
insertion in the vacuum system and their vapor pressure wasSputtering between consecutive electron irradiation sessions, the
high enough for detection of gas-phase molecules. observed mass dependence can only be explained if these
The measured mass distributions after ionization of gas-phaseanalyzed fragments are directly emitted from the surface.
BP2 and PEM together with a schematic representation of both Moreover, we previously reported that the flight-time distribu-
molecules are shown in Figure 2 and Figure 3, respectively. tions of the individual molecular fragments detected upon ion
The mass spectrum obtained for gas-phase BP2 moleculefombardment of both PEM and BP2 SAMs are markedly
(Figure 2a) exhibits groups of peaks arountt of 165, 181, different38 In case all fragments in the mass spectra would stem

and 228. The mass 228 corresponds to the mass of the completéfom the photofragmentation of the parent molecule, their flight-
BP2-moleculerfyz = 228, CH—CgH4CeHsCH,CH,—SH). The time distributions should be the same. Since this is not the case,

other fragments result from breaking of-C bonds in the we conclude that photodissociation of desorbed parent molecules
alkane chain (see schematic drawing of BP2 molecule in Figure can be neglected.

2c). Their abundance is strongly dependent upon the photon To estimate the sensitivity to degradation resulting from ion
fluence, and thus they are considered as products of theirradiation of BP2 and PEM monolayers, changes in the signal

70
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Accumulated ion fluence [uClcm?] Figure 6. (a) Mass spectrum of neutral molecules obtained upon

photoionization of molecules desorbed from PEM/Au during irradiation
by 1 keV electrons. The background signal recorded in the same
experiment with the electron beam turned off is shown in panel b.

Figure 4. Photoion signal from the desulfurized molecular fragments
of m’z = 194 andm/z = 104 as a function of the accumulated ion
fluence during bombardment of BP2/Au and PEM/Au by 15 keV Ar

ions, respectively. . . . .
P Y system provides direct evidence that medium-energy electrons

are capable of initiating the desorption of large neutral molecular
fragments from the organic overlayer. It is evident that both
the intact moleculenyz = 228) and the desulfurized fragment
(m/z = 194) are ejected.

The mass spectrum of the electron-desorbed PEM system is
shown in Figure 6a. In this case, the emission of the complete
molecule is not observed and the ejection of the desulfurized
fragment is very weak. To prove that the observed emission
from BP2 and PEM monolayers is directly stimulated by the
electron-induced desorption process, the background mass
spectra obtained during the experiment when the electron beam

80 100 120 140 160 180 200 220 240 260 is turne_d off are also presented in Figure 5b and Figure 6b,

miz respectively.
Figure 5. (a) Mass spectrum of neutral molecules obtained upon To monitor electron-induced damage,_prlstme SAMs made
photoionization of molecules desorbed from BP2/Au during irradiation Of BP2 and of PEM molecules were uniformly exposed to a
by 1 keV electrons. The background signal recorded in the same 150 eV beam during consecutive sessions. Between two
experiment with the electron beam turned off is shown in panel b.  sessions, we could assess the damage induced in the BP2 and
PEM monolayers by electron irradiation using ion-initiated laser

of the respective fragments atz = 194 and 104 were  probing. The ion fluence per data point was kept as low as
monitored as function of the ion irradiation fluence (Figure 4). 1.3 x 10Yions/cn? (2 nC/cn®) to keep the ion-induced damage
For SAMs, static conditions are usually assumed when the total in the “effective” static range according to the results presented
fluence of bombarding ions is kept below-%0 x 10 ions/ above. lon- and electron-induced damage was considered to be
cmP.48-50 Monitoring the neutral channels of ion-induced uncorrelated and the data are corrected for ion-initiated degrada-
desorption indicates that BP2 and PEM monolayers already tion, which was about a few percent. For the BP2 monolayer,
undergo significant modification at a much lower fluence of the decrease of the photoion signal from the intact molecule
3.7 x10%ions/cn? (0.6 uClcn?). In addition, this modification ~ (m/z = 228) and the desulfurized fragment characterized by
is more efficient for BP2 than for the PEM monolayer. This m/z = 194 peak as a function of the accumulated fluence is
observation is in agreement with the expectation that the damagepresented in Figure 7. The corresponding data obtained for
cross section should increase with the size of the molecule andfragmentsmyz = 78 and 104 ejected from PEM samples are
that desorption of the intact molecule is observed only for BP2. shown in Figure 8.
Both of these observations indicate that there is a lower stability =~ SIMS Analysis of Electron-Induced Damage in BPOIn
of this monolayer toward ion irradiation. previous XPS, NEXAFS, and IR investigations of the electron-

Electron-Stimulated Desorption of BP2 and PEM Mono- induced modification in SAMs, it has been demonstrated that
layers. In this section, two kinds of experiments are conducted. in contrast to alkanethiof$;28:31.34even after a high¢10* uC/

In the first experiment, the desorption of BP2 and PEM cn¥) electron fluence, aromatic SAMs are only partially dis-
monolayers inducedyba 1 keV electron beam are investigated. ordered and remain bound to the gold substtaté3>Although

In the second experiment, the electron-induced damage in thethe latter conclusion is not strictly valid as was shown in section
SAM was monitored in situ as a function of the accumulated 3.3, the former is supported by recent etching experimiérits.
fluence. These experiments demonstrate that electron irradiation of

In general, the photoion signals are considerably smaller than C¢HsCsH,—SH based SAMs with fluences in the range of 10
those acquired during the ion-induced desorption experimentsuC/cn? induces an increased chemical etching resistance (in
because of the lower electron current (see Figure 5 and 6). TOKCN/KOH solution), and therefore these materials behave as a
improve the signal-to-noise ratio, the mass spectrometer wasnegative resist. An increase in the chemical resistance and the
operated in the linear mode, resulting in a substantially higher changes observed in the infrared spectra provide indirect
transmission through the instrument but at the cost of a reducedevidence of cross-linking between neighboring phenyl groups,
mass resolution. The result presented in Figure 5a for the BP2resulting in a quasi-polymerization. The manifestation of this

Intensity [a.u]
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Accumulated electron fluence [10" electrons/cm’] To investigate this type of electron-induced modification of
000 125 250 374 499 6.24 aromatic SAMs, SIMS experiments from BPO (&HCsH4CsHa—
. . . ! . . SH) molecules were performed. This system is very similar to
101 ¢ ® miz=228 CeHsCsHs—SH reported earliett®2 where cross-linking is
: clearly observed. In the present approach, both the changes in
5 08 the stability and the structure of the irradiated monolayer are
& 06l investigated. For these purposes, the BPO/Au(111) samples were
%‘ ' first irradiated by 150 eV electrons with fluences of 02,1108,
& 041 and 10 uClcn? and then exposed to ambient atmosphere for
= the next 30 days before insertion in the high-resolution FOF
0.2+ SIMS system. As a reference measurement, FOMS mass
spectra for a pristine BPO sample analyzed immediately after
00 0 200 400 600 800 1000 preparation were also recorded.
Accumulated electron fluence [uC/cm?] In Figure 9, positive and negative SIMS spectra recorded for

Figure 7. Photoion signals from the thiolatem{z = 228) and the pristine BPO s_ar_np_le are presented. In the negative mass
desulfurized molecular fragmentniz = 194) as a function of the ~ SPECtra, characteristic ions tMH)™, (Au [M—H])~, and (Au-

accumulated electron fluence during uniform irradiation of the BP2/ [M—H]2)~ are observed, where M corresponds to the complete
Au system by 150 eV electrons. The solid and dotted lines represent BPO molecule, that is, C{+CsH4CeHs—SH. We are not aware

decay function (eq 1) fom/z = 228 andwz = 194 data, respectively.  of any SIMS spectra for this kind of aromatic SAMs, but for
alkanethiols/Au(111), the emission of secondary ions such as

Accumulated electron fluence [10" electrons/cm’] (AuJM—H])~ and (Au[M—H],)" is very typical® The emission
00 62 125 187 250 312 374 of the (M—H)~ quasi-molecular ion has also been reported for
104 _ alkanethiols; however, it was not so pronounced as it is in BPO.
& mz=104 In the positive ion mass spectra, characteristic ions such as
O m/z=78 ' .
= 084 (M—H)* and (Au[M—H])* are observed. The latter ion was
S, also observed in the SIMS experiments performed for alkanethi-
> %61 ols monolayers, but there is no evidence of the former quasi-
[P I W g 5 molecular ion in this stud$? In conclusion, in contrast to the
£ alkanethiols monolayers, a pronounced emission of the quasi-
024 ) 3 molecular secondary ions is observed both in negative and
positive SIMS mass spectra of BPO.
0.0 0 1000 2000 3000 4000 5000 6000 In the negative mass spectra taken for samples exposed to

air for 30 days (see data in Figure 10&), a strong signal from
] o i the sulfonate species of (80 and (HSQ)~ is recorded. These
Figure 8. Photoion signals from the desulfurized molecular fragment peaks together with characteristic secondary ions observed in

(m/z = 104) and another fragmeninfz = 78) as a function of the - _ -
accumulated electron fluence during uniform irradiation of the PEM/ the negative spectra ((MH)", (AuM—H])", and (Au-

Au system by 150 eV electrons. The solid and dotted lines represent[M —H]2)") decrease significantly as a function of the total
decay function (eq 1) fom/z = 104 andm/z = 78 data, respectively.  electron fluence (Figure 164). In the corresponding positive
mass spectra, a small increase in the intensity of characteristic
polymerization is basic for the understanding of the modification secondary ions ((MH)*, (Au[M—H])*) up to a fluence of 10
process taking place in the aromatic SAMs which is crucial for «Clcn? is observed, followed by the complete disappearance
the potential application of these materials for electron litho- of these peaks after a fluence of410C/cn? (Figure 1la-j).
graphy. This type of reaction has not yet been confirmed by Additionally, after an electron fluence of 4Q.C/cn®, two

Accumulated electron fluence [uC/cm?]

any direct experiment. pronounced mass peaksnlz = 331 and 332 occur in the mass
CH a)
Au SIMS-
}/I-H)‘ Au(M-H),
Au, e l
“ I‘ S * Au,(M-H)
lIL ITwY oy .l . . . ke . . |1' '
b)
SIMS+
Au* (M-H)*
Au(M-Hy*
lil L.nl.l Al ' e f

0 50 100 15')0 2;30 2;50 3'00 350 400 4'50 560 550 660 6'50 700
m/z
Figure 9. (a) Negative and (b) positive SIMS spectra acquired for the pristine BPO/Au system using 25 KelénGeeam.
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Figure 10. Negative SIMS spectra (25 keV, Gaacquired for the pristine BPO/Au system (a, f, and k) and for BPO/Au samples uniformly
irradiated by 150 eV electron beam and stored for 30 days in aielg—j, and o). The electron fluence was varied between 0 and 10.000
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Figure 11. Positive SIMS spectra (25 keV, Gracquired for the pristine BPO/Au system (a, f, and k) and for BPO/Au samples uniformly irradiated
by 150 eV electron beam and stored for 30 days in airgbg—j, and -0). The electron fluence was varied between 0 and 10.80@n?.

spectrum (Figure 11ko). These peaks are not observed for the then to the emission of the desulfurized and complete molecule,
reference pristine BPO sample nor for samples irradiated with respectively. In contrast, results obtained for PEM indicate that

fluences below 10uClcn?.

IV. Discussion

Electron Irradiation Experiments. From the electron de-
sorption experiments presented in Figures 5 and 6, one can
conclude that in BP2 monolayers electron-induced processes

cleavage of the SC and particularly the AaS bond is very
ineffective and will lead to the formation of a sulfur layer. This
striking difference in electron-induced cleavage of theCsand
Au—S bonds in BP2 and PEM SAMs is very interesting
considering that in both cases aromatic rings are bound to the
substrate by two Chlgroups and a sulfur atom.

may lead to the cleavage of both-€ and Au-S bonds and Interaction of electrons with molecules leads to excitation
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and ionization processes. Some of these processes will lead tdHowever, a recent STR#%4and high-resolution X-ray photo-
the formation of repulsive states and ultimately to dissociation electron spectroscopy stuthfor the Bm series indicates that
of the molecule. In SAMs on gold, one has to consider that the a modification of the intermolecular interaction by changing
proximity of the metal substrate can give rise to nonradiative the parameten from odd to even induces a change in the unit
relaxation of the repulsive state, which will lower the dissocia- cell structure (i.e., from 23x3 to (5v/3 x 3)rect, respectively)
tion probability®? It has been shown that, for a molecule which and in the adsorption sites of molecules. Since available STM
is not chemically bound to the metal substrate, nonradiative data for BP2/Au(118f and PEM/Au(111% show different
guenching of the excited state in the proximity of the metal structures, a difference in the adsorption sites is very likely to
substrate can be described as the interaction between arpccur also in this case.
oscillating dipole and its image. This interaction may lead to  In summary of the above discussion, we propose that
the creation of an electrerhole pair or phonon in the metal  differences in the AtS—C bond angle and/or the adsorption
substraté! For an excited molecule chemically bound to the sites affect the efficiency of nonradiative quenching and,
metal substrate, additional, nonradiative quenching by electrontherefore, electron-induced cleavage of the-&uand S-C
tunneling between the molecule and the metal can occur. Forbonds for BP2 and PEM systems. In our opinion, this hypothesis
both quenching processes, the relaxation probability will is also supported by a recently reported e@den effect in the
decrease rapidly with the distance between the location of the electron-induced damage of BPn/Au(111) systémehere both
excitation and the metal substrate. This strong distance dependifferences in the AtS—C bond angle and in the adsorption
dence of the quenching process is believed to be responsiblesites have been concluded from the previous spectroséépic
for inhomogeneous €H bond scission throughout the al- and very recent microscopic d&&* Furthermore, since it is
kanethiol monolayers on gofd.lt is clear that for molecules ~ known that alkanethiols adsorb in*spnd sp hybridization on
chemisorbed on a metal substrate, quenching via electronAu(111) and Ag(111), respectively (and most probably have
tunneling will strongly depend on the details of the chemical different adsorption sites), one could also expect differences in
bonding between molecule and substrate, such as the value anée electron-induced thieisubstrate bond scission in these two
orientation of the Au-S—C bond angle or the adsorption site ~cases. Following this prediction, Zharnikov et al. have observed
of sulfur on Au(111). a strong difference ip pond scisgion between—&apd Ag-S .

In thiol-based SAMs on gold, usually $pybridization is in their electron irradiation experiments of alkanethiols deposited
assumed for the chemical bonding leading to a-&+C bond on Au and Ag substrates. . .
angle of about 104525%In fact, the Au-S—C angle may change The analy3|s _of the electron-induced damage in BP2 and _PEM
substantially because it results from the competition between (85 Shown in Figures 7 and 8) shows that the decrease in the

optimizing substratethiolate interaction (including the Au photoion signal is _similar in character to the _electrqn-induced
C—S bending potential) and the intermolecular interaction changes reported in XPS, NEXAFS, and IR investigations of

i ,27,31,3: i
between the molecules in the film to achieve the energetically alkanethiol monolayers: *Here, we have shown that this

: - decrease results from at least two processes that lead to the
most favorable configuration of the system. Thus, the value of . ] "
the Au-S—C bond angle will depend on the specific system degradation of the SAM: the gradual decomposition of the

as it was recently concluded by Rong et*&lfrom the organic overlayer into a carbonaceous layer on the substrate

spectroscopic investigation of aromatic SAMs on Au(111) where ?rggn:t;i tgl]tres:ndt(hazolg;[leornv(\)/{ﬂ;n(t)itl:;/ ;nﬁlﬁﬁgl(fiuar:ge:ngfle;;tgr
tnh(e:zlfﬂﬁirgl ?ég?pnwzasls_eg)arggerdabgizﬂ::;?';?:lﬁ)szeerpﬁgigln%_oint_s available,_a comparison (_)f these results to a more specific
by an odd numt;er of the éj—Units they concluded that the k!neuc rate law is not yet possible. However, the decay of the
molecules are bound with a ALS—é bond angle between 94 signals presented in Figures 7 and 8 may be described by a

s . first-order exponential decay function given by the following
and 1083, which is very close to the value obtained for¥sp

hybridization. However, for an even number of methylene units expression.

such as the BP2 molecule, a value of more thar? %2 found. 0-Q

This strongly deviates from the 3palue?3 Generally, for BR D(Q) = Dgpr + (D — DSAT)'eXF(— E) 1)
systems on gold, a favorable value of A8—C angle corre-

sponding to sp hybridization with, at the same time, an whereQ is the charge delivered to the surfa@sar and Do

optimized coverage and molecular packing can only be ac- ¢orespond to the saturation and the initial value of the photoion
complished for odd values of. For even values af, there is signal, o is the damage cross sectiaajs the charge of the

a conflict between these two factors resulting in a decrease of gjactron. andSis the area irradiated by the electron beam. As
the coverage and an increase in the-&+C bond angle to 5 resylt, the following values of the cross sections were

accommodate for the tilting of the biphenyl part of the optained: (2.9+ 0.6) x 1016 cn? for miz = 78, (4.9+ 0.7)
molecule?? Since the aromatic part of the PEM molecule is , 10-16 cnp for miz = 104, (3.7+ 1.3) x 10716 cn? for

much shorter as compared to BP2, we expect a significant yy; = 194, and (9.4+ 2.0) x 10716 cn? for miz = 228.
difference in the intermolecular interaction for these two systems Comparing data obtained for PEM and BP2 separately, it is
and thus in the AS—C angle as a result of their mutual  cjear that the electron-induced damage is higher for the higher
interplay. mass of the analyzed fragment. In this case, two fragments are
As mentioned above, the adsorption site of the sulfur atom compared and the first one is a part of the second one (i.e.,
is another factor influencing the coupling between the sulfur m/z = 78 is a part ofVz = 104 andm/z = 194 is a part of
atom and the gold substrdteand hence may affect the m/z= 228). It can be expected that the larger fragment should
efficiency of nonradiative quenching. For both systems studied exhibit a higher probability for electron-induced damage. The
here, the adsorption sites are not known. Even for much morevalues obtained for these cross sections are comparable with
extensively studied alkanethiol SAMs on Au(111), the structure those previously reported for damage of alkanethiols on Au(111)
of the molecule/substrate interface is still controversial both from by low-energy electron®’34 However, with our approach we
an experimentd¥>” and a theoretical point of view 62 do not determine the cross section for the damage (or modifica-



5092 J. Phys. Chem. B, Vol. 109, No. 11, 2005 Cyganik et al.

CH,  CHy by chemical reaction is more gentle than direct bond scission
by ion impact and is more likely to form products which may
‘ O be trapped at the surface and finally evaporate with low kinetic
X= energies®38 Since these reaction fragments formed during ion
O O impact can penetrate far away from the ion impact point, the
area from where the molecules can desorb is larger than the
Figure 12. Schematic drawing of the molecule detected in positive surface area influenced by the collision cascade that develops
dS(Ial;/eIﬁSSpectra of BPO/Au presented in Figure 1+-@). See textfor i the substrate. This observation could properly account for a
: high-ion-induced damaged cross section as demonstrated in the
present contribution. In addition, ion bombardment is associated

tion) of a certain chemical bofit® or the total thickness of  with the emission of low-energy electrons. Therefore, such a
the layer3* but we are able to analyze the cross section for the process could also contribute to molecular desorption.
electron-induced damage of the intact molecule or specific

frag_mel?t and thu? glffjll(in complementary Lnformation. . that after irradiation with a total ion fluence of 3x710'ions/

F'T‘a y, we wou d like to comment on the SIMS experiment cn?, the signal of the desorbed neutral molecular fragment at
thatis d§5|gned to probe chemlcal (}hgnges of the BPO/AU(111)y; — 194 decreases by about 70% for BP2. Our electron
system mduc_ed by electron |r_rad|at|on fol!owed_ by_ a long desorption experiments presented in the previous section show
exposure to air. In agreement with the SIMS investigation made .+ '+ ghserve the same range of signal decrease, one needs a
by Tarlov et al*® for alkanethiols on gold exposed to air for an total fluence of 6.2x 10%S electrons/criwith 150 eV energy.

extended period of time, these experiments show a progressive, ¢ consequence, the assumption that bond breaking by

formation of sulfonate species. However, data presented heresecondary electrons is the sole process leading to molecular

show that the signal intensity of these sulfonate species decreaseaesorption requires a secondary electron yield of several
as a fgncthn of the .total electron flugnce during sample thousand. Such a high value is rather improbable. For example,
!rrad_lat_lon priorto the air EXposure. Thus, it shows that electron for a clean polycrystalline gold sample irradiated by 8 keV Ar
irradiation increases the stability of the system as was concludedthe secondary electron yield was 0734Ne are not aware of

from chemical etching experimerfSin adqhtl.on, our expert- any measurements of secondary electron yields for ion-irradiated
ments show a decrease of the characteristic secondary ions N5 AMS. but we may consider measurements made by Szapiro
both negative and positive spectra as a function of electron et al for graphite bombarded by 8 keV Awhich showed a
fluence. However, after high-fluence 'Tfad'a“or" two new peaks secondary electron yield of about2Therefore, we conclude
atm'z = 331 and 332 are observed in the positive spectra. It that secondary electrons will not contribute predominantly to

?;Egiassgg:%i:h?;rﬁhivﬂi?w i: :%o(ljgguelzps?cnhdesrr:gtitgslI the damage induced by ion irradiation, but that the contribution
y 1om, Y of this mechanism cannot be ignored, either.

presented in Figure 12. Most probably, for the creation of such ) . .
a molecule during electron irradiation, two neighboring BP0 _ D€sorption experiments for BP2 monolayers show that ion-

molecules must form two bonds between their phenyl rings after iNduced processes may lead to the cleavage of bothS\and
earlier loss of hydrogen atoms (see Figure 11). Such an S—C bonds. Results obtained for PEM indicate that cleavage

interpretation of the peak observedratz = 331 is supported of the Au—S bond is much less effective in comparison to the
by the presence of a smaller peakniz = 332. The measured S—C bond scission. Taking into account the similar chemical
intensity ratio of the 332/331 peaks is 0.270.02, which is ~ €omposition of both BP2 and PEM monolayers, such a
within the accuracy of the measurement equal to a value of 0.2gdifference in ion-induced desorption is very intriguing in our
as calculated from the isotopic abundance for-atKmolecule. opinion. Significant differences in the thiolatsubstrate ion-
To the best of our knowledge, the disappearance of characteristid"duced bond scission have already been reported by Chenakin
ions for irradiated samples and the simultaneous appearance oft al- for ?Ikanethlols monolayers prepared on Au and Ag
(X—H)~ secondary ion are the first direct evidences of a quasi- substrate$? The authors propose that a much higher desorption
polymerization process. This process has up to now beenCroSS section of sulfur species from the alkanethiol/Au sample
assumed by others from indirect observations for similar c@n be explained by a lower strength of the-4%i bond as

In the present study (as shown in Figure 4), we observed

aromatic SAM system&3567 compared to Ag-S. However, our results obtained for BP2/Au
lon Irradiation Experiments. Considering the decrease of and PEM/Au cannot be explained in this way because these
the signal in Figure 4 for the total ion fluence of 3.%510'2 systems are very similar. Therefore, a different approach is

ions/cn?, and assuming the density of molecules obtained from Needed. Assuming that ion-induced chemical reactions lead to
STM experiments (3.7 10 molecules/crf for BP23 and the gentle breaking of chemical bonds in PEM and BP2}
3.5 x 101 molecules/crh for PEMPS), we can very roughly ~ ©ne has to consider that the cross section for any chemical
approximate that on average the impact of a single 15 keV Ar  reaction should depend on the detailed electronic structure of
ion will modify about 70 BP2 and 30 PEM molecules. High the reagents. If this were the case, one could assume that
efficiency of ion-induced modification of SAMs is consistent hybridization and adsorption sites may influence this cross
with previous desorption experiments for PEM#A# and BP2/ section and thus may be responsible for the observed differences
Au3® monolayers. The majority of molecules desorbed by ion in the Au=S bond scission for BP2/Au and PEM/Au mono-
impact are emitted with low (thermal) energies. This observation layers. In addition, as the sulfur hybridization of alkanethiols
was explained by a chemical reaction model and the contribution ©n Au and Ag substrates is different, this might have to be taken
of secondary electrons that gently break the chemical b¥néfs. into consideration, to explain the results obtained by Chenakin
Computer simulations show that many of the surface molecules€t al.

near the primary ion impact zone are severely damaged and Finally, we would like to mention that, to further examine
yield reactive species such as,Hs well as other ionic and  our hypothesis about strong influence of the details of the
neutral fragment836° These unstable species can react with metal-molecule interface (e.g., adsorption sites and-&uC
intact molecules and sever the chemical bonds. Bond scissionangle) on electron- and ion-induced desorption of SAMs, more
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direct experiments are planned. Namely, we will compare
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(3) Lee, T. R.; Laibinis, P. E.; Folkers, J. P.; Whitesides, G.Rdre

the same molecule but arranged in different densely packedappi“chem1991 63, 821.

structures. In fact, this became possible only very recently

because of our experiments onBBAMSs (including investi-

gated here BP2), which demonstrates the possibility of creating

different high-density SAM structures for the same moleétlé.
These experiments are currently in progress.

V. Conclusions

To enhance the efficiency of ion and electron beam lithog-
raphy with thiol-based SAM/Au systems, it is necessary to

develop an effective method for dissociating the-/8i1bond

and completely removing the organic molecules. Results
presented here for the PEM/Au and BP2/Au systems show that
this process is very sensitive to the structure of the SAM
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molecules. A better understanding of this structure correlation Monnell, J. D.; Stapleton, J. J.; Price, D. W.; Rawlett, A. M.; Allara, D. L.;

could give us a route toward purposeful design of SAMs
optimized for lithographic applications. As discussed in this
article, the possible origin for the observed differences in-&u

scission is attributed to the differences in the orientation of the
Au—S—C angle or adsorption sites of the molecules. The

analysis of the ion-induced modification of PEM/Au and BP2/
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Au shows that this process is very efficient and interaction with 1705.

the single ion leads to the modification of tens of molecules. .
This observation is consistent with a previously proposed model,
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damage induced by ion irradiation. The efficient ion-induced
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ions/cn?. Second, because tens of molecules can be modified

by a single ion, it sets the limits of the minimal size of

nanostructures created in these aromatic SAMs by ion litho-

graphy.
The in-situ analysis of the electron-irradiated PEM/Au and

BP2/Au using ion-initiated laser probing enabled measurement
of the cross section for the electron-induced damage of the intact

molecule or specific fragment. Thus, it is possible to gain
complementary information to that obtained with other experi-
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scissions or total film thicknesses are measured. The ex-situ

analysis of the electron-irradiated BPO/Au system with FOF
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SIMS yields direct evidence of the quasi-polymerization process. Grunze, M.Appl. Phys. Lett1999 75, 2401.

It is this process which makes aromatic SAMs useful as a
positive electron beam resist and which has up to now been ;¢

assumed by others from indirect observations.
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